We studied the propagation of an electromagnetic ͑EM͒ wave in a defective multilayer microcavity with an artificial magnetic atom located at the edge of the defect layer. When the frequency of the defect state is tuned to the resonance frequency of the magnetic atom, strong coupling happens between this atom and EM waves. It creates a type of magnetic plasmon polariton ͑MPP͒ with Rabi-type splitting effect that results in the two branches of the MPP mode. The linewidth of the MPP and Rabi-type oscillation of magnetic field inside the atom are investigated in the simulations. A great enhancement of local fields can also be obtained from the MPP, which has a good application in nonlinear optics. DOI: 10.1103/PhysRevB.77.214302 PACS number͑s͒: 78.20.Ci, 73.20.Mf, 78.20.Bh Experimental studies of atom-photon interaction have early been carried out in the field of solid state physics and atomic physics. They are usually realized between atoms or quantum wells and optical media such as photonic crystals 1, 2 and cavities. 3-9 A Rabi vacuum-field splitting effect is observed at both the atom-cavity coupling 4,5 and the quantum well-cavity interaction. 9 In recent researches of metamaterials, artificial nanostructures such as nanoparticles and split ring resonators ͑SRR͒ have attracted wide study interest. These resonant elements behave like real atoms when they interact with electromagnetic ͑EM͒ waves. Their electric or magnetic responses play important roles in the characterization of metamaterials. The interaction between nanoparticles and photons has been studied in periodic structures by Linden et al.
Experimental studies of atom-photon interaction have early been carried out in the field of solid state physics and atomic physics. They are usually realized between atoms or quantum wells and optical media such as photonic crystals 1, 2 and cavities. [3] [4] [5] [6] [7] [8] [9] A Rabi vacuum-field splitting effect is observed at both the atom-cavity coupling 4, 5 and the quantum well-cavity interaction. 9 In recent researches of metamaterials, artificial nanostructures such as nanoparticles and split ring resonators ͑SRR͒ have attracted wide study interest. These resonant elements behave like real atoms when they interact with electromagnetic ͑EM͒ waves. Their electric or magnetic responses play important roles in the characterization of metamaterials. The interaction between nanoparticles and photons has been studied in periodic structures by Linden et al. 11 Such a nanoparticle-photon interaction results in selective suppressed extinction of plasmon resonance and, by changing the array period, can be tuned continuously. Similar coupling happens between nanowires and waveguide modes, leading to the formation of a quasiparticle mode with a surprisingly large Rabi splitting. 12 Up to now, studies of magnetic resonances have been developed in spectra from microwave to visible frequencies. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Besides SRR, [13] [14] [15] [16] [17] [18] [19] "fishnet" structures, [20] [21] [22] [23] together with nanowire pairs [24] [25] [26] [27] and stacked nanodisks, 28, 29 have been invented to work as magnetic resonators in the visible range. Linden et al. reported that nanowire pairs, viewed as magnetic atoms, can interact with each other by an adjacent dielectric slab waveguide, giving rise to an avoided crossing at near-infrared wavelengths. 30 These coupling modes belong to new types of plasmon polaritons that have already inspired a proliferation of experimental and theoretical research work in surface science. [31] [32] [33] In our recent paper, another kind of magnetic plasmon polariton ͑MPP͒ mode was produced in a linear chain of SRRs, resulting from the strong exchange current interaction between these "magnetic atoms." 34 Meanwhile, this kind of coupled magnetic plasmon can be used to produce optical activity effect. 35 In this paper, we design a configuration in which one gold nanosandwich, viewed as a magnetic atom, is embedded into a defective multilayer microcavity. Another type of MPP is created by the strong coupling between the atom and the defect mode of EM waves. Rabi-type splitting is observed in this system, which results in the two branches of the MPP. Correspondingly, Rabi-type oscillation is found in the time domain. The change of linewidth of the MPP and its dependence on the position of the atom are also investigated in our simulations. Great local field enhancement is realized in the resonance region of the MPP, which has a good potential application in nonlinear optics.
It is well known that a one-dimensional perfect periodic multilayer possesses a forbidden band gap for the propagation of EM waves. Some allowed modes, so-called defect states, appear inside the band gap when the symmetry of the multilayer is disrupted. 36 In Fig. 1͑a͒ , we construct such a one-dimensional multilayer microcavity, which comprises 8-period alternately stacked A-B layers with one defect layer in the middle. Layer A and the defect layer are filled with air ͑n 1 = 1.0͒ and layer B with a high-refraction material indium tin oxide ͑ITO, n 2 = 2.0͒. To describe the geometry size of the microcavity, we introduce a cavity parameter . The thickness of A, B, and the defect layer is defined as d 1 = / ͑2n 1 ͒, d 2 = / ͑2n 2 ͒, and d = / n 1 . For a given value of , a transmission peak is obtained in the band gap for an EM wave at the frequency = c / ͑2͒ ͑c is the speed of light in vacuum͒, which originates from the presence of a localized defect mode inside the microcavity.
One nanosandwich, composed of two equal-sized gold nanodisks and a middle gap, is located near the edge of the defect layer; the middle gap parallel to the y-z plane is filled with the same material ITO as layer B. Its geometry size is given in Fig. 1͑b͒ . Such a nanosandwich acts as an artificial magnetic atom.
FIG. 1. ͑Color online͒ ͑a͒ Scheme of a multilayer microcavity with a magnetic atom located at the edge of the defect layer; ͑b͒ structure of the magnetic atom.
To study the propagation property of EM waves in our system, we perform a set of finite-difference time-domain ͑FDTD͒ calculations using a commercial software package CST Microwave Studio ͑Computer Simulation Technology GmbH, Darmstadt, Germany͒. We rely on the Drude model to characterize the bulk metal properties. Namely, the metal permittivity in the infrared spectral range is given by
where p is the bulk plasma frequency, and is the relaxation rate. For gold, the characteristic frequencies fitted to experimental data are p = 1.37 ϫ 10 4 THz and = 40.84 THz. 37 In our simulation setup, a polarized EM wave propagates in the z direction, with its magnetic field in the y direction and electric field in the x direction. As the cavity parameter is tuned from 880 to 990 nm, we perform transmission spectrum calculation of the microcavity without atom ͓Fig. 2͑a͔͒ and with an atom ͓Fig. 2͑b͔͒. For the microcavity without atom, the transmission peak in the band gap is fixed at the frequency = c / ͑2͒ as reported before. 36 For the microcavity with an atom, the transmission peak still observes the rule =c/ ͑2͒ when is far away from the value 935 nm ͑outside the blue circle: Ͼ 950 nm or Ͻ 920 nm͒. However, when approaches the value 935 nm ͑inside the blue circle: 920 nmՅ Յ 950 nm͒, it is surprisingly found that two transmission peaks appear: Drifting away from = c / ͑2͒, one peak blueshifts to higher frequency while the other redshifts to lower frequency.
In order to explore the physical origin of these two transmission peaks, a probe is placed inside the magnetic atom to detect the local magnetic field H y . Variation of ͉H y ͉ versus frequency is given in Fig. 3 . Under different , there are always two peaks in each curve. When is far away from the value 935 nm ͑outside the blue circle: Ͼ 950 nm or Ͻ 920 nm͒, one peak changes with according to the rule = c / ͑2͒, which obviously comes from the defect mode of the microcavity. The field distribution of this defect mode is shown in Fig. 4 . The other peak fixes at the frequency 160.3 THz, which comes from the magnetic resonance of the atom. It does not change with because it is only determined by the geometry structure of the atom. The magnetic resonance mode is very different from the defect mode. It is confined inside the magnetic atom and does not contribute to the propagation property of the whole system. This can explain why the magnetic resonance mode causes a resonant peak in Fig. 3 but no corresponding transmission peak in Fig. 2͑b͒ .
In the foregoing discussions about Fig. 3 , we are limited to the results for Ͼ 950 nm and Ͻ 920 nm. When is in the range 920 nmՅ Յ 950 nm ͑inside the blue circle͒, it will be quite different: the defect mode does not comply with the rule = c / ͑2͒ anymore, and the magnetic resonance does not keep at 160.3 THz either. As the defect mode is very close to the resonance frequency of the atom, EM energy can be exchanged between these two energy levels. Therefore, strong coupling interaction is established between the defect mode and the magnetic atom. This photon-atom coupling completely changes the characters of EM modes in the microcavity. In the coupling region surrounded by the blue circle, the resonance peaks are neither pure defect mode nor pure magnetic resonance mode. The physical essence of this kind of coupled photon-atom mode is a type of MPP with the two peaks corresponding to its two branches. Basically, the MPP is a kind of a propagation mode that can also transfer EM energy through the system. So, the two transmission peaks surrounded by the blue circle in Fig. 2͑b͒ come from the two branches of this MPP.
To give further evidence of the MPP, its linewidth versus is presented in Fig. 5 . The linewidth of the atom is larger than that of the defect state. In the coupling range 920 nm Յ Յ 950 nm, the linewidth of two branches of the MPP are between those of the atom and the defect state. As increases, the linewidth of the upper branch of the MPP ͑de- noted as red dotted line͒ increases from the defect state to the atom state, while the linewidth of the lower branch of the MPP ͑denoted as black dotted line͒ decreases from the atom state to the defect state. Therefore, in the coupling region, it is impossible to distinguish between the atom state and the defect state. This linewidth averaging further suggests that the MPP is neither pure atom state nor pure defect state, but a mixed state.
We have already demonstrated that the peak splitting in Fig. 2͑b͒ originates from the coupling effect between the defect mode and the magnetic atom. This phenomenon is extraordinarily similar to the Rabi splitting of energy level of a real atom interacting with EM waves. The two branches of the MPP in Figs. 2͑b͒ and 3 can be seen as the results of Rabi-type splitting of resonance mode of the magnetic atom. To illustrate the splitting effect explicitly, the dependence of the peak frequency of local field ͉H y ͉ on the cavity parameter is given in Fig. 6͑a͒ . The horizontal and oblique dashed lines represent the resonance frequency of the magnetic atom and the defect state, respectively. They intersect at = 935 nm. In the region near the crossing point ͑inside the blue circle͒, strong coupling happens and Rabi-type splitting effect is obvious ͑denoted as red arrow in the figure͒. Two energy levels are formed in the splitting: One is above the energy level of the atom, which is denoted as the upper branch of the MPP; the other is below the energy level of the atom, which is denoted as the lower branch of the MPP. For example, for = 935 nm, the upper level is at 161.5 THz and the lower level at 159.4 THz, thus, the energy gap 2.1 THz is achieved.
So far, the property of the MPP is only studied in the frequency domain. Its behavior in the time domain can also be investigated in our simulations. After being excited by a 5-fs pulse signal, the evolution of magnetic field inside the atom is recorded by the probe, given in Fig. 6͑b͒ . For a natural two-level atom, Rabi oscillation could be established when it interacts with a photon. 38 In our system, the nanosandwich could be seen as an artificial two-level atom if the two resonance frequencies of the MPP in the coupling range ͓encircled by blue curve in Fig. 6͑a͔͒ are taken as two energy levels of this magnetic resonator. From Fig. 6͑b͒ , it is very interesting that Rabi-type oscillation could also be realized in our system. When excited by an EM wave, the stored energy inside the atom is transmitted back and forth between these two energy levels. Therefore, the Rabi-type oscillation is observed in the evolution of local field inside the atom. Meanwhile, its amplitude decays with time due to ohmic loss and radiation loss, with the decay time obtained as 0.8 ps.
Above, we base our discussion on the condition that the atom is placed at the edge of the defect layer. What will happen if we change its position? Actually, the location of the atom plays an important role in the coupling process. When interacting with EM waves, the atom can be viewed as a magnetic dipole m ជ . The coupling strength is determined by the interaction energy ⌬E =−m ជ · B ជ ͑r ជ͒, where B ជ ͑r ជ͒ is the local magnetic field of the defect mode at the atom. Therefore, to achieve strong coupling, the atom needs to be placed at the location where the magnetic field is enhanced most. From the field distribution of the defect mode given in Fig. 4͑b͒ , it is obvious that its magnetic field reaches maximum at the edge and drops to zero at the center of the defect layer. The best choice for the atom is at the edge, which is just what we have already done. Contrarily, if the atom is placed at the center where B ជ ͑r ជ͒ = 0, the interaction term will vanish, which means no coupling interaction happens between the atom and the defect mode. The simulation results in Figs. 6͑c͒ and 6͑d͒ show that Rabi-type splitting effect, as well as Rabi-type oscillation, disappears as estimated. It provides a further confirmation that the MPP proposed in this paper is created completely through the interaction between two modes.
Finally, the MPP is also used to enhance local field in the microcavity. Variation of the magnetic field intensity at the atom versus is shown in Fig. 7 . Our system exhibits a much greater local field enhancement when it enters the strong atom-photon coupling than that in the uncoupling region, because, in the coupling range, much more EM energy is absorbed by the atom through the mode interaction, and high energy storage results in the great enhancement. This localization of EM energy by the MPP could serve as a possible application in nonlinear optics. In conclusion, we have demonstrated by numerical simulations that a type of MPP is created in a system of an artificial magnetic atom situated within a defective multilayer microcavity in the same way as a system of real atoms in an optical cavity. Transmission spectrum calculation and local field detecting reveal its Rabi-type splitting and linewidth averaging feature. These effects are attributed to strong coupling between the magnetic atom and the defect mode. The upper and lower normal modes stand for the two branches of the MPP at the coupling region. EM field localization is significantly enhanced as compared to that of the uncoupling or weak coupling, which makes more energy gather in the multilayer microcavity. The dependence of the MPP on the position of the magnetic atom and field distribution in the defect layer has also been discussed.
Our model offers a method to realize strong interaction between a magnetic metamaterial element and EM waves inside the microcavities. Tailoring the light-matter interaction via proper design of the artificial atom and microcavity allows control over such important properties as Rabi-type splitting, field localization, etc. This system will be useful for enhancing nonlinear optical effects such as optical bistability, laser operation, and quantum fluctuation. 6 . ͑Color online͒ When the atom is located at the edge of the defect layer: ͑a͒ the peak frequency of local field ͉H y ͉ inside the atom versus cavity parameter ; ͑b͒ the evolution of magnetic field inside the atom after excited by a 5-fs pulse signal ͑with = 935 nm͒. When the atom is located at the center of the defect layer: ͑c͒ the peak frequency of local field ͉H y ͉ inside the atom versus cavity parameter ; ͑d͒ the evolution of magnetic field inside the atom after excited by a 5-fs pulse signal ͑with = 935 nm͒.
